Protein tyrosine phosphatase (PTP) 1B plays a major role in inhibiting signaling from the insulin and leptin receptors. Recently, PTP1B was found to have an unexpected positive role in ErbB2 signaling in a mouse model of breast cancer, but the mechanism underlying this effect has been unclear. Using human breast epithelial cells grown in a three-dimensional matrix, we found that PTP1B, but not the closely related enzyme T-cell PTP, is required for ErbB2 transformation in vitro. Activation of ErbB2, but not ErbB1, increases PTP1B expression, and increased expression of PTP1B activates Src and induces a Src-dependent transformed phenotype. These findings identify a molecular mechanism by which PTP1B links an important oncogenic receptor tyrosine kinase to signaling pathways that promote aberrant cell division and survival in human breast epithelial cells. [Cancer Res 2009;69(11):4582-8] 
Introduction
Protein tyrosine phosphatase (PTP) 1B is an abundant cytoplasmic enzyme that plays a major role in down-regulating insulin and leptin signaling (1) . PTP1B binds to and dephosphorylates the insulin receptor, thus terminating signals from this receptor tyrosine kinase. Deletion of the Ptp1b gene in mice causes hypersensitivity to insulin and is associated with marked increases in tyrosine phosphorylation of the insulin receptor and its targets (2, 3) . PTP1B may also inhibit signaling from other receptor tyrosine kinases such as the platelet-derived growth factor and hepatocyte growth factor receptors (4) (5) (6) (7) . Consistent with its role as an inhibitor of receptor tyrosine kinases, overexpression of PTP1B in fibroblasts inhibits transformation by oncogenes that increase tyrosine phosphorylation, including ErbB2, Src, Bcr-Abl, and Crk, and also by Ras (8) (9) (10) (11) . In Src or Crk transformed cells, overexpression of PTP1B is associated with loss of tyrosine phosphorylation of key signaling proteins such as Crk and p130
Cas (10) . The above results, coupled with effects of PTP1B on the insulin receptor, gave rise to the idea that the main role of PTP1B is to act as a brake to proliferative and metabolic signals. However, recent data indicate that this idea is too limited. In fibroblasts, PTP1B is required for the activation of the small GTPases Ras (12) and Rac (13) , enzymes that are generally associated with increased cell proliferation and motility. In addition, PTP1B has also been shown to activate Src by dephosphorylating the inhibitory Y527 site in the COOH terminus of this kinase (13) (14) (15) (16) . Thus, at endogenous levels of expression, PTP1B has certain progrowth properties in marked contrast to its aforementioned ability to revert transformation by various oncogenes when overexpressed. In vivo, Ptp1b
-/-mice resist transformation by the ErbB2 (HER-2/neu) oncogene, and transgenic overexpression of PTP1B in mammary cells is oncogenic (17, 18) . Moreover, in a significant fraction of human clinical samples of ErbB2-positive breast cancer, amplification of chromosome 20q13 (containing the PTP1B gene) has been noted, with increased expression of PTP1B (19, 20) . These findings imply that this enzyme plays a positive role in growth signaling in at least some tissues and that PTP1B might therefore serve as a therapeutic target in certain malignancies.
How does PTP1B contribute to oncogenesis in mammary cells? PTP1B is known to up-regulate two growth-promoting pathways: it activates Src and deactivates p62 Dok , an inhibitor of the Ras/ mitogen-activated protein kinase pathway (21) . Regarding these substrates, it is at least theoretically plausible that the reported in vivo effects of PTP1B loss on ErbB2-driven breast cancer can be explained in terms of failure to activate Src. However, Kaminski and colleagues have recently reported that Src activity is dispensable for ErbB2-driven carcinogenesis (22) . Another PTP1B substrate, p62 Dok , represents an alternate explanation for the positive effects of PTP1B on transformation. When tyrosine phosphorylated, this protein complexes with, and activates, p120 RasGAP , leading to decreased Ras and mitogen-activated protein kinase activity (23, 24) . Loss of PTP1B leads to hyperphosphorylation of p62 Dok , with consequent inactivation of Ras and its downstream effectors. However, tissue samples from ErbB2/ Ptp1b -/-mice gave inconsistent results regarding the tyrosine phosphorylation status of p62 Dok (17, 18) . For these reasons, whether the observed effects of PTP1B on ErbB2-driven carcinogenesis are due to the interactions of PTP1B with Src, p62 Dok , or unidentified substrates is not known.
In this article, we sought to clarify the molecular mechanism(s) by which PTP1B contributes to ErbB2 signaling in breast epithelial cells. We used a three-dimensional in vitro model to recapitulate the architectural elements of breast acinar development while retaining the ability to manipulate and analyze the pathways that underlie the effects of PTP1B on ErbB2 signaling. Consistent with its proposed role in oncogenic signaling, we found that activation of ErbB2, but not ErbB1, increased PTP1B expression and that small interfering RNA (siRNA)-induced reduction in PTP1B expression or inhibition of PTP1B activity by small-molecule inhibitors impeded the ability of activated ErbB2 to transform these cells and to activate Src and its associated downstream signaling targets. In addition, we found that the suppressive effects of PTP1B loss could be bypassed by expression of mutationally activated Src. Likewise, we found that overexpression of PTP1B in breast epithelial cells distorted normal acinar morphology, causing unchecked proliferation, and loss of polarity. These effects were associated with Src activation and required the presence of protein phosphatase activity and the Src-binding motif in the COOH terminus of PTP1B. These results support a model in which PTP1B, by activating Src, cooperates with ErbB2 in transforming mammary epithelial cells.
Materials and Methods
Materials. Anti-ERK, anti-Akt, anti-Src, phospho-ERK, phospho-Akt, phospho-Src, phospho-Y1248 ErbB2, phospho-Y1068 ErbB1, and phospho-Y416 and Y527 Src antibodies were purchased from Cell Signaling Technology. Monoclonal anti-hemagglutinin (12CA5) and anti-phosphotyrosine (PY20) antibodies were from BabCo and Transduction Laboratories, respectively. Anti-Ki-67 was from Santa Cruz Biotechnology. Monoclonal anti-T-cell PTP (TC-PTP) 3E2 (25) 26) were maintained in DMEM/F-12 (Life Technologies) supplemented with 5% donor horse serum, 20 ng/mL EGF (Harlan Bioproducts), 10 mg/mL insulin (Sigma), 1 ng/mL cholera toxin (Sigma), 100 mg/mL hydrocortisone (Sigma), 50 units/mL penicillin, and 50 mg/mL streptomycin. For three-dimensional cultures, f5,000 cells were plated atop reconstituted basement membrane in 8-well slide chambers as described (26) . To activate chimeric ErbB proteins, 1 mmol/L AP1510 was added to the growth medium. BT-474, MDA-MB-231, and SUM190 cells were grown in RPMI, 10% fetal bovine serum and Ham's F12, 10% fetal bovine serum, respectively.
Expression plasmids, transfection, and transduction. The retroviral expression vector pMN.B1.F2.HA, encoding ErbB1, was obtained from Muthuswamy and colleagues (26) and pWZL-PTP1B (5) was obtained from Ben Neel. The PTP1B P309,310A
(PTP-PA) and PTP1B D161A (PTP-DA) mutants were subcloned into pWZL from pCMV6H (10) . To generate viral stocks, these vectors were transiently transfected into the Phoenix-Eco retroviral packaging line, 4 and supernatants were collected 48 h later. For retroviral transduction, 10A.ErbB2 cells were plated at 3 Â 10 5 per 10 cm diameter dish and then infected with high-titer retroviruses and screened by antihemagglutinin or anti-PTP1B immunoblots.
RNA interference. The siRNA duplex targeted to PTP1B had the sequence (sense) 5 ¶-CUUCCUAAGAACAAAAACCdTdT-3 ¶ and (antisense) 5 ¶-GGUUUUUGUUCUUAGGAAGdTdT-3 ¶. The siRNA duplexes targeted to TC-PTP comprised a mixture of four different oligonucleotides (SMART pool). Equal amounts of sense and antisense RNA oligonucleotides were mixed and annealed according to the manufacturer's instructions. 10A.ErbB2 cells were transfected with 40 AL of 20 Amol/L siRNA for PTP1B or TC-PTP or the control siRNA duplex with Lipofectamine 2000 reagent for 12 h. All siRNAs were purchased from Dharmacon Research.
Immunoprecipitation, immunoblotting, and in-cell Westerns. Cells were lysed in a buffer containing 50 mmol/L Tris-HCl (pH 8.0), 137 mmol/L NaCl, 10% glycerol, 1% NP-40, 50 mmol/L NaF, 10 mmol/L h-glycerophosphate, 2 mmol/L sodium orthovanadate, 1 mmol/L phenylmethylsulfonyl fluoride, and 10 Ag/mL aprotinin. Lysates were clarified by centrifugation at 13,000 rpm for 10 min and protein concentrations were determined using a bicinchoninic acid protein assay kit (Pierce Chemical). For immunoprecipitations, lysates were incubated with the appropriate antibodies for 3 h overnight at 4jC. Immune complexes were collected onto protein ASepharose beads, washed extensively, resolved by SDS-PAGE, and transferred onto Immobilon-P membranes (Millipore). Immunoblots were blocked with 5% bovine serum albumin or Carnation nonfat dry milk in 10 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, and 0.05% Tween-20. After incubation with appropriate primary and secondary antibodies, blots were visualized using enhanced chemiluminescence reagents (Amersham Biosciences). Quantification was carried out using NIH ImageJ software version 1.40; data are expressed as relative units of phosphorylated protein per total protein for each band. Anti-PTP1B and anti-hemagglutinin antisera were used at 1:1,000 for immunoblotting. Anti-human PTP1B monoclonal antibodies (FG6) were used at 1 Ag/mL for immunoprecipitations and immunoblotting. All other antibodies were used at concentrations as recommended by the supplier.
In-cell Westerns were done according to the manufacturer's specifications. 5 In brief, cells were fixed in 4% methanol-free formaldehyde in PBS, rinsed with PBS, blocked with 5% nonimmune rabbit or mouse serum in PBS/0.1% Triton X-100 for 1 h, and incubated with primary antibodies for 2 h at 37jC. The cells were then rinsed three times in PBS for 5 min each and then incubated in fluorochrome-conjugated secondary antibody diluted 1:500 (Alexa Fluor 680) or 1:800 (IRDye 800CW) in PBS/0.1% Triton X-100 for 1 h at room temperature in the dark. The cells were then rinsed three times in PBS for 5 min each and scanned using a Li-Cor Odyssey device.
Immunofluorescence analysis. The acinar structures were fixed in 2% paraformaldehyde at room temperature for 15 min and processed as described by Muthuswamy and colleagues (26) . Confocal analyses were done with a Nikon TE2000 confocal microscopy system.
Results
PTP1B is required for ErbB2-mediated transformation of MCF-10A cells. To establish the functions of PTP1B in human breast epithelial cells, we examined the effects of this phosphatase in ErbB2 signaling in MCF-10A cells grown in three-dimensional conditions. MCF-10A cells are immortalized, nontransformed cells derived from a reduction mammoplasty, which form organized acini when grown within three-dimensional matrices such as reconstituted basement membrane (26, 27) . In MCF-10A cells that stably express an AP1510-activatable, chimeric form of ErbB2 (10A.ErbB2 cells), treatment with AP1510 caused characteristic changes in acinar morphogenesis, proliferation, and luminal apoptosis, resembling those seen in human ductal carcinoma of the breast (ref. 26 ; Fig. 1A) .
Next, we asked if endogenous PTP1B is required for the phenotypic effects of ErbB2 on acinar development. We used siRNA to reduce PTP1B expression in 10A.ErbB2 cells and assessed the effects on acinar morphogenesis. Transfection of 10A.ErbB2 cells with siRNA directed against PTP1B resulted in f80% loss of PTP1B expression, whereas a scrambled siRNA did not affect PTP1B expression (Fig. 1C) . Reduction of PTP1B did not have a notable effect on basal rates of cell proliferation or apoptosis (data not shown), nor did it affect acinar architecture; however, the phenotypic effects of ErbB2 activation were blocked in cells treated with siRNA against PTP1B (Fig. 1B) . The siRNA against PTP1B did not affect ErbB2 kinase activity (Fig. 1D) , indicating that the suppression of the multiacinar phenotype was mediated by events downstream of this receptor tyrosine kinase.
TC-PTP is a close relative of PTP1B, and we therefore asked if this phosphatase also affects ErbB2 signaling in 10A.ErbB2 cells.
We used siRNA to knock down TC-PTP expression and assessed its effect on acinar development in three-dimensional cultures. Despite effective reduction in TC-PTP expression by siRNA, acini developed normally and were disrupted by activation of ErbB2 (Supplementary Fig. S1A ). Thus, the effects of PTP1B on ErbB2 signaling are not shared with its closest relative, TC-PTP.
To rule out off-target effects and also to ensure that these effects were due to loss of PTP1B activity rather than loss of the protein, we carried out similar experiments using two different, highly specific small-molecule inhibitors of PTP1B, compounds II and III (28) reported to date, which displays a K i value of 2.4 nmol/L for PTP1B and exhibits several orders of magnitude of selectivity in favor of PTP1B against a panel of PTPs (29) . As with siRNA, chemical inhibition of PTP1B suppressed the multiacinar effects of ErbB2 (Fig. 2) . Together with the siRNA data, these experiments show that PTP1B function is required by ErbB2 to induce a multiacinar phenotype.
Molecular pathways affected by PTP1B in MCF-10A cells. We next tested if PTP1B links ErbB2 to Src in MCF-10A cells. First, we assessed Src activity in response to ErbB2. Three-dimensional cultures of 10A.ErbB2 cells were treated with AP1510 and Src activity assessed by immunoblot using phosphospecific antibodies directed against Tyr 416 in Src. As expected, activation of ErbB2 induced activation of Src (Fig. 3) . The expected reciprocal changes were seen in Src Tyr 527 phosphorylation: AP1510-induced decreased Src Y527 phosphorylation (Supplementary Fig. S2A ). In contrast, in cells treated with siRNA against PTP1B, or a smallmolecule PTP1B inhibitor, Src activation by ErbB2 was markedly suppressed as assessed by decreased Tyr 416 and increased Tyr 527 phosphorylation ( Fig. 3A; Supplementary Fig. S2A ). Similar results were seen regarding two other important signaling molecules that are activated by Src, Akt and ERK ( Fig. 3B and C) . Notably, inhibition of PTP1B did not indiscriminately affect other ErbB2-induced signaling events, such as the tyrosine phosphorylation of Shc, nor did it affect total tyrosine phosphorylation (Supplementary Fig. S2B and C) . Also, the effects of PTP1B on ErbB2 signaling were not confined to 10A.ErbB2 cells. As in 10A.ErbB2 cells, addition of the specific PTP1B inhibitor compound II to the ErbB2-expressing human breast cancer cell lines BT-474, MDA-MB-231, or SUM190 resulted in marked loss of ERK activity ( Supplementary  Fig. S3 ). Activated Src bypasses requirement for PTP1B in ErbB2-mediated transformation. Treatment of 10A.ErbB2 cells with the Src inhibitor PP2 blocked the effects of ErbB2 activation on acinar morphology (Fig. 4A) . If Src activation downstream of ErbB2 and PTP1B mediates the effects of ErbB2 on signal transduction, then a constitutively active form of Src should bypass the need for either ErbB2 or PTP1B in signaling, and loss of Src should block the actions of these enzymes. We transduced 10A.ErbB2 cells with Src Y527F , which lacks the inhibitory site of tyrosine phosphorylation in the COOH terminus and is therefore constitutively active. These cells display aberrant acini and elevated Akt and ERK activity even in the absence of activated ErbB2 (Fig. 4B) . In addition, these effects were also seen in Src-expressing cells treated with an inhibitor of PTP1B (Fig. 4C) .
Overexpression of PTP1B distorts acinar development via activation of Src. Interestingly, we found that the expression level of PTP1B increased markedly after treatment with AP1510 (Fig. 5A) . Similar results were seen in MCF-7 cells expressing the same AP1510-activatable form of ErbB2 (data not shown), indicating that the effects on PTP1B are not confined to a single type of breast epithelial cell line. These results are in line with previous observations that ErbB2-transformed cells have elevated PTP1B expression and suggest a causal relationship between these events (30) . In contrast, PTP1B expression was not altered in 10A.ErbB1 cells following activation of ErbB1, indicating that the effect on PTP1B expression was specific to ErbB2 and not a general response to growth stimuli (Fig. 5A) . The ErbB2 effect on PTP1B expression was reversible; withdrawal of AP1510 resulted in the rapid decline in PTP1B expression (Supplementary Fig. S4 ).
If Src activation by PTP1B plays a role in ErbB2 signaling, then activation or overexpression of PTP1B should affect acinar development in a Src-dependent manner. To test this idea, we examined the effects of PTP1B overexpression in 10A.ErbB2 cells. These cells were infected with a retrovirus encoding no insert, wildtype PTP1B, PTP1B-PA (a mutant that cannot bind Src homology 3-domain containing proteins, including Src; ref. 10), or PTP1B-DA (a catalytically dead mutant). In all cases, f3-fold elevation in PTP1B expression was observed, comparable with the degree of PTP1B expression in cells following AP1510 treatment (Fig. 5B) . Overexpression of wild-type PTP1B, but not the PTP1B mutants, was associated with a multilaminar phenotype (Fig. 5C ). The effects of wild-type PTP1B were blocked by the Src inhibitor PP2 (Fig. 5D) , consistent with the idea that Src represents a key target of PTP1B in breast epithelial cells.
Discussion
In these studies, we used a three-dimensional breast epithelial cell culture system to show that PTP1B plays a positive role in ErbB2 signaling. Using this model, we were able to dissect the signaling events that underlie these important effects. We showed that one of the primary targets for PTP1B activity in human breast epithelial cells is the tyrosine kinase Src. This assertion rests on the following observations: (a) the ErbB2-induced multiacinar phenotype, characterized by unrestrained proliferation, luminal cell survival, and loss of polarity, is suppressed by decreased expression or chemical inhibition of PTP1B but not by decreased expression of the related phosphatase TC-PTP; (b) loss of PTP1B function blocks the activation of Src and downstream signaling pathways by ErbB2; (c) mutationally activated Src bypasses loss of PTP1B in ErbB2-mediated transformation; and (d) activation of ErbB2 leads to elevated expression of PTP1B and PTP1B overexpression distorts mediated acinar morphogenesis; these effects require an intact Src homology 3-binding motif and are blocked by a Src inhibitor. Taken together, these findings support a model in which PTP1B expression is increased by ErbB2 and that its activity is required to activate Src by ErbB2 and that such activation is required for transformation of breast epithelial cells.
These findings are compatible with recent in vivo experiments in which loss of PTP1B was shown to reduce, and transgenic overexpression increase, mammary oncogenesis in mice (17, 18) . However, our results contrast with earlier work from our laboratory and others that showed that PTP1B overexpression suppresses transformation by several oncogenes, including ErbB2 and Src (8, 10, 11) . How can these results be reconciled? One explanation may lie in the choice of cells for analysis. In all of the prior work, transformation was assayed in mouse or rat fibroblasts as opposed to human mammary cells. It is well established that transformation of human and murine cells has distinct signaling requirements (31, 32) . In addition, epithelial cells likewise use different signaling networks than fibroblasts. For these reasons, it is likely that the observed effects of PTP1B on ErbB2 signaling in human MCF-10A cells are germane to breast epithelial cells and thus to breast cancer but do not apply to all cell types.
We showed that PTP1B is required for Src activation by ErbB2 in MCF-10A cells and that activated Src bypasses the need for PTP1B in ErbB2-mediated transformation. These results suggest that Src is a key target in mediating the positive role of PTP1B in ErbB2 oncogenesis. The role of Src in ErbB2 signaling has been controversial. On the one hand, Src activation strongly correlates with ErbB2 overexpression in human ductal carcinoma in situ (33) , and Src associates with activated ErbB2 in human breast cancer cells in a Src homology 2 domain-dependent manner, resulting in activation of Src (34) . In addition, inhibition of Src in breast epithelial cells suppresses ErbB2-mediated motility and soft-agar growth (34) (35) (36) . All of these studies suggest that Src plays an important role in ErbB2 oncogenic signaling. On the other hand, transgenic overexpression of the Csk gene, which encodes a protein kinase that suppresses Src activation, does not affect ErbB2-mediated breast cancer in mice (22) . These latter findings point to the possibility of a nonenzymatic role for Src in ErbB2 signaling. Our findings are not inconsistent with this idea, because activation of Src by PTP1B-catalyzed dephosphorylation of Y527, in addition to its effects on kinase activity, also leads to conformational changes in Src that could expose scaffolding motifs.
In clinical samples, it has been long noted that PTP1B expression increases in several human tumor types, including breast and ovarian cancers (20, 37) . Furthermore, PTP1B expression is elevated in breast epithelial cells transformed by ErbB2 (refs. 18, 30; Fig. 5A ). It has been proposed that this increase in expression represents the attempt of cells to counterincreased PTK activity. In light of data that PTP1B is required for Ras and Rac activation in vitro, and recent data that PTP1B is required for transformation by Neu in mouse models of breast cancer, it is more likely that elevated PTP1B contributes to transformation in certain human cancers.
Given that loss of PTP1B function attenuates carcinogenesis in mouse models of breast cancer, it is plausible that PTP1B inhibitors might prove useful in the therapy of certain cancers. Such a notion would have seemed heretical just a few years ago, as copious previous data using overexpressed PTP1B in fibroblasts in culture indicated that this protein acts as a suppressor of growth factor signaling and that its loss might therefore be expected to augment cell proliferation. Instead, the opposite seems to be true in the case of the oncogene ErbB2 both in our three-dimensional cell culture system and in ErbB2-driven transgenic mouse models of breast cancer. Evidently, in these systems, the effects of PTP1B on receptor tyrosine kinases are either confined to the insulin receptor or are more than offset by positive effects on other signaling elements such as Src. These findings highlight the necessity of combining advanced cell-based and animal models when probing complex signal transduction pathways.
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